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1. Introduction

Although the performance of modern photographic systems is extremely high,
the problem of their further improvement remains quite acute. Since the purpose
of photographic systems is to remember the information which is contained in
images, it is being hoped that the application of the information theory will
make it possible to move substantially in the direction of achieving optimum
characteristics, for example, achieving the maximum sensitivity and the best
image properties.

The first works which considered photographic systems from the position of
information theory appeared very shortly after the theory itself was formulated.
At the present time, there is quite a large number of such works. Unfortunately,
known works (whose survey is far from complete) do not make it possible for us
to judge the soundness of the hopes which have been placed on informa%&on theory.
Furthermore, the methods of information theory are not applied with complete ac-
curacy in all of the works.

S The purpose of this report is to establish how information theory is as-

~ —

soclated with the problems of perfecting photographic systems.{
2. Basic Concepts of the Theory of Information h

Information theory is a scientific discipline which is concerned with the
method of transmitting information in a most reliable and economic fashion.

The purpose of information transmission is to reproduce a situation at a
given place corresponding to a situation at another place. Thus, in television,
an effort is made to reproduce on the screen of the receiver the brightness dis-
tribution of objects situated in front of the television camera lens.

In many cases it becomes necessary to memorize information. By memorizing

information it is possible to reproduce in the future a situation which has



occurred in the past. Such a memory, for example, is achieved with a photograph-
ic system in which the distribution of brightness on a photographic picture re-
produces the brightness distribution of objects which are photographed. The
situation, which is subject to reproduction, is called a communication.

In television photography and in motion picture photography the role of
initial communication is played by the optical image of objects produced by an
ideal optical system. The purpose of a photographic or television system is to
reproduce this image.

The reproduction of a communication is delegated to a recipient. The re=
cipient of an image is a human observer, an interpreter, ete.l It is impossible

and unnecessary to reproduce communications with absolute accuracy. In {63

information theory a measure is introduced for the correspondence of reproduced
communication to the initial communication--the accuracy of reproduction.

In scientific photography, in aerial photography, etc., the concept of
"accuracy" is equivalent to the concept of "quality of reproduction,”" because
high quality implies a high degree of correspondence of the image to the origi-
nal, i.e., high accuracy. The situation is more complex in art photography,
where the quality of the image depends on the emotional effect of the latter on
an observer. It is doubtful that the application of information theory will be
of much use in art photography.

The permissible accuracy of reproduction is determined by the recipient. It

depends on the properties of the recipient (for example, on the resolving

lRecently the possibility of developing automatic machines for recognizing vis-
ual objects has been discussed. ©Such automatic machines would play the roles of

image recipients.



capacity, on inertness and on the contrast sensitivity of vision) and on the
purpose of the received communication.

The application of information theory is not concerned with a single com-
munication, but with a large number of communications of a given type, for ex-
ample, with a large number of possible images. Sometimes this large number is
understood in a narrower sense: a large number of various types of portraits,
or landscapes or aerial landscapes.

The basic proposition made in information theory consists of the following:
a given communication, which is to be transmitted or memorized, is the result of
a random selection from a large number of communications. In this case each
specific communication 1s assigned a definite probability that it will be
selected. A large number of communications together with the probabilities of
their selection form a source of communications.

The transmission or memorization of information is accomplished by a com-
bination of technical means called the communication system or a memory system.l

The basic problem of information theory is to establish an optimum match
between the source of information and the communication system (memory system).

The criteria of optimality may be different. In some cases we must try to
achlieve the maximum accuracy of reproduction, while in others we must achieve a
minimum consumption of photographic material or a minimum required energy (maxi-
mum sensitivity), etc. In order to establish the effective utilization of a
given communication system (memory system), i.e., to establish the degree of its
match with the source, quantitative characteristics of the information source and

of the system are introduced.

1The term "memory system" is not in general use.
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The source is characterized by the average amount of information contained
in the communication--by the entropy.

The communication system (memory system) is characterized by the maximum
amount of information which a given system can transmit or memorize. This
quantity is known as the capacity of the system.l Let us consider briefly how
the quantitative measure of information is introduced in the theory.

The concept of the amount of information is closely associated with the
concept of uncertainty. Let us consider a certain experiment which has several
outcomes. The outcomes, for example, may be the appearance of some number when
dice are rolled, the birth of a baby of definite sex, etc. Before the experi-
ment there 1s uncertainty as to which outcome will take place. 1In information
theory a measure is established for the uncertainty of such experiments--the
entropy.

If experiment A has N equally probable outcomes, then the entropy of the
experiment H(A) is equal to the logarithm of the number of possible outcomes:

H(A) = logoN. (1)

The larger the number of outcomes, the greater is the uncertainty.

The selection of the logarithm bases determines the units of uncertainty.
Thus, if the logarithm is computed with a base 2, we obtain binary units,
which are called bits in foreign literature.

In the case of N outcomes which have feasibility probabilities Pl, PE"'PN’

N
where X Pi = 1, the entropy is given by the following expression:
i=1 .

N
H(A) = - I Py log P; bits. (2)
i=1
lThe term "carrying capacity" is frequently used when information is

transmitted.



Tt is easy to see that equation (1) is a specific case of (2) when all
probabilities are the same, i.e., P; = 1/N, i =1, 2, ..., N.

Let us assume that before experiment A has been conducted, the outcome Zé&
of another experiment B has become known. In this case, generally speaking, the
probabilities of the outcomes of experiment A will change, and consequently its
entropy will also change.

Let us assume, for example, that experiment A consists of counting the num-
ber of developed grains in a given region of a photographic image, while experi-
ment B consists of measuring the exposure of this region. It is clear that the
distrivbution of the number of grains for a given exposure is different than when
the exposure is unknown and has & random value.

Let us designate by Pj(i) the probability of the i-th outcome of experiment
A, if we know that experiment B had an outcome j. Let rj be the probability

M
J-th outcome of experiment B which has M outcomes and ¥ r: = 1. Then the

j=1 *
average (taking into account the various outcomes of experiment B) uncertainty
of experiment A, when we know the outcomes of B, will be expressed by the condi-

tional entropy:

M N . .
HB(A) = '21 r, (-izl P; (i) log P; (1» . (3)

j=
Information on the results of experiment B can only decrease the uncertainty
of experiment A:
Hp(A) < H(A).

The equality Hg(A) = H(A) occurs when experiments A and B are independent.

Let us determine the quantity I(A,B)--the amount of information concerning
experiment A contained in the information concerning the outcome of experiment B,
in the following manner:

1(4,B) = H(A) - Hp(a). (&)
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In other words, the measure of the quantity of information is the measure
of the variation in the uncertainty associated with the obtainment of this in-
formation.

Substituting (2) and (3) into (4) and performing some transformations we
obtain:

H0m) = 5 % P(13) tog B (%)
1= Fir;

where P (ij) = rij(i) is the combined probability of the i-th outcome of A and
the j-th outcome of B (in this case E P(ij) = ry, % P(ij) = Pi)' From expres-
sion (5) we obtain the following important result:J
I(AB) = I(BA).

The amount of information in experiment B with respect to experiment A is
equal to the amount of information in experiment A with respect to experiment B.

Expression (5) may be generalized for the case when one of the experiments,
or both of them, have an infinite number of outcomes.
3. The Amount of Information in Images

As we already stated, a specific image is selected in a random fashion from
a large number of images. If a large number of images has a finite number of
different images (in a given area), then by indicating which image is selected
we can remove the uncertainty completely. Thus, in this case, the average
amount of information in images of a given source--the entropy of image source --
coincldes with the entropy--the measure of uncertainty in selecting images.

Let us assume, for example, that the source of images produces congratula-
tory telegram forms and these forms, on the average, are selected with the same

frequency. The entropy of such a source is:

H = logp N,



where N is the number of different forms. Since the number N is equal to sever-
al tens (let us say from 32 to 128) we have
H=5-T7 bits.

Let us consider another example. Every image can be divided into elements.
This is done in polygraphy and phototelegraphy, etc. The size of the element is
selected taking into account the resolving power of the eye and of the angle at
which the image is observed ( we note that the use of a lens in front of the eye
means that this angle is increased). For example, in phototelegraphy (facsimile)
the size of the element is 0.2 - 0.2 mm, so that an image of 9 « 12 cm Zéé
contains 270,000 such elements.

Now let us assume that the brightness (density) of each element has M grad-
uations of brightness. We have a total of N = m® images, where s is the number
of elements. If all images are considered of equal probability, we have

H=1logo N = s log2 m,
substituting s = 270,000, m = 32, we obtain:
H = 1,350,000 bits.

These examples show that the entropy of the image source is the property of
the entire source and not of individual images. The same image may have 5 or
1.5 - 106 bits, depending on the multitude from which it is selected: +the multi-
tude of congratulatory telegram forms or the multitude of different combinations
of brightness of 270,000 elements.

The examples which we have presented are of a somewhat artificial nature.
What is the quantity of information in “"natural" images of photographed objects
produced by an ideal optical system.

First of all, we note that the number of such stationary images of a given

area is finite. Indeed, the image may be described as a distribution of



electromagnetic field intensity in the plane of the photographic layer. A unit
area of this plane contains only a finite number of independent degrees of free-
dom, determined by the aperture of an ideal lens! (for example, see reference 1).
Thus, the image is determined by the distribution of the electromagnetic field
energy over these degrees of freedom. If we take into account the quantum na-
ture of the electromagnetic field, we may find the number (and probability) of
various distributions, i.e., we can find the entropy of the multitude of optical
images. The evaluation of this quantity was carried out by Fellgett, Linfoot
and by others (refs. 2-6).

We shall not discuss these works because the quantity of information which
can be extracted by the recipient from images is several orders of magnitude less
than that given by any of such evaluations.

The recipient cannot distinguish between many images which represent dif-
ferent energy distributions according to the degrees of freedom of the image:
the visual system has a threshold of absolute and contrast sensitivity, and it
is incapable of differentiating colors composed of different wave-length radia-
tions, but having the same color coordinates, etec.

If all indistinguishable images are grouped and if instead of any member of
the group we always transmit the same image--'representative image'"--the number
of possible images and, consequently, the entropy are decreased. A further de-
crease 1n entropy will occur if we combine in a group not only the indistinguish-
able images, but also images which are slightly distinguishable. In this case
the replacement of the initial image by an image which differs slightly from it
will mean that the quality of image reproduction will deteriorate. It is clear

that the larger the permissible deterioration, the smaller is the entropy of the

1
The aberration of a real lens decreases the number of degrees of freedom.
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image force. Therefore, the quantity of information in an image is associated
with the assigned quality of this image.

In order to compute the entropy of the image source from the point of view
of the recipient, it is necessary to introduce a criterion of accuracy, i.e.,
for each pair of images B(x, y) and B'(x, y) we must assign a corresponding num-
ber p(B(x, y), B'(x, y)), which shows the "closeness" or resemblance of the
images.

At the present time the form of the functional o(B(x, y), B'(x, y), is not
known accurately; however, an approximate evaluation of the entropy can be made.
Extending the results obtained in reference T, we can evaluate the entropy as
exceeding 1.6 bits per unit image element (this, for example, gives us 400,000
bits in an image 9 * 12 cm when the element size is 0.02 - 0.02 cm).

Generally speaking, the form of the functional p(B, B') depends not only
on the physiological properties of the recipient, but also on the use which is
to be made of the image. If, for example, the purpose of the recipient is to
distinguish between a female portrait and a male portrait, the multitude of
images will now consist of only two elements: male portrait and female portrait.

In computing the amount of information, all different male portraits must
be considered as indistinguishable, because, even though the recipient can dis-
tinguish them, he must not do so.

As a matter of fact, within the framework of information theory applied to
photographic systems, such degenerate cases are not encountered.

. The Capacity of the Photographic System

The capacity of a photographic system is the maximum amount of information

which can be memorized by a given system. The process of memorizing information

consists of the system entering a stable state under the action of specific
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information. The larger the number of stable states which a memory Zéé
system has, the greater is the number of communications which it is capable of
memorizing. When we know the state of the system, we can reproduce the communi-
cation, if we know the rule which associates different communications with dif-
ferent states.

The reflection of the communications in the state of the system is called
coding, and the reverse process is called decoding.

The state of the photographic system may be described by the distribution
of the blackening of a photographic layer--D(x, y).

Coding in photography consists of projecting the optical image described
by the brightness distribution B(x, y) on a photogrephic layer. Decoding, i.e.,
the reproduction of brightness distribution B'(x, y) as a function of the sys-
tems state may be accomplished, for example, by projecting the image B'(x, y) on
a screen.

The simplicity and "naturalness" of these tramnsformations B(x, y) - D(x, y)
and D(x, y) = B'(x, y), at first glance, indicates that the introduction of the
concepts "coding" and "decoding" in photography is unnecessary.

However, as we shall show later, the transformation from natural operations
of projection to more complex methods of coding and decoding may substantially
increase the effectiveness of applying a photographic system.

Let us now consider in more detail the operation of a photographic system.
The image of the objects to be memorized is projected by an optical system on a

light-sensitive layer. Let us divide the photographic layer into elements cor-

responding to independent degrees of freedom of the optical image. A certain
guantity of photons falls on each element of the layer, and the average number

of these (i.e., the energy per degree of freedom) is determined by the initial
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image. The action of photons is responsible for the presence of metallic silver
grains in this element after development.

The number of these grains is associated statistically with the number of
photons: the average number of developed grains is a function of the number of
photons. The actual number of grains fluctuates around an average value. The
number of developed grains determines the density of the element and consequently
the brightness of the reproduced image.

Due to the presence of fluctuations, information on the number of developed
grains leaves some uncertainty in the energy of the element of the initial image;
however, this uncertainty is less than the initial uncertainty. In other words,
the value of the number of grains contains certain information about the energy
(or to the brightness, which is proportional to it) of the element in the initial
image.

In accordance with the generally accepted theory of the photographic pro-
cess, the number of developed grains in a given element i1s a random quantity
which satisfies Poisson's distribution law:

P (n) = a_r'le—a. (6)
n!

Here P (n) is the probability that the number of developed grains is equal
to n, while a is the average number of developed grains. If &y is the average
number of light sensitive grains, while ﬂ(E) is the probability that an individ-
ual grain is developed after it is subjected to the action of light with energy
E, then

a = ayn(E). (7)

The dependence of quantity a on the energy E may be established experimen-
tally: directly or by superimposing two experimental curves D(a)--the variation
in density as a function of the number of grains, and D(E)--the characteristic

curve of the photographic material.
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The energy of the image element may assume any values. We must compute
I(E, n) = the amount of information about this quantity contained in our know-
ledge of another random quantity--the number of developed grains n.

Since according to (7) the quantity E gives a single value for a, which is
therefore also a random quantity, we have

I(E, n) = I(a, n).

It is more convenient to compute the amount of information I(a, n) than it
is to compute I(E, n).

When the energy E changes, the average number of developed grains varies in

the limits ag, ay. The quantity ag corresponds to the density of the fog when E

is small. The quantity ay is achieved when the energy E is very large, so that
m(E) = 1.

If we know p(E)-—the distribution density of the random quantity E, we may
find p(a)--the distribution density of the random quantity a.

Now we can derive an expression for I(a, n)

aM S Pa(n)
I(a, n) = § p(a)y = P,(n) log }da, (8)
a, n=0 P(n)

M
where P(n) = S p(a)Py(n)da.
o)

This quantity of information corresponds to the average energy of the Zéz
image element
8= mp(E)E. (9)
Thus the amount of information I(a, n) and the average energy E is deter-

mined by the distribution p(E), i.e., by the statistical properties of the

image source.
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Let us select the distribution p(E) so that expression (8) has a maximum
value. The maximum value of (8) is the capacity of the photographic layer of

element. Let us designate this quantity by CO

Cy = maxI(a, n) = waxI(a, n). (10)
p(E) (a)

Substituting the optimum distributions into (9), we find EO'

The ratio EO/CO is the quantity of energy dissipated for one binary unit
of the memorized information, when Cy is a waximum.

It is interesting to solve this problem: to select p(E) in such way that
this ratio is minimized., After we find this distribution and substitute it into
(9), and substitute the corresponding distribution p(a) into (8), we find gquan-
tities By and Cj.

It is obvious that E,/C; 2 Ey/Cy, C3 < Co.

If the elements of the photogrﬂ?hic layer were independent, then the capaci-
ty of the photographic system would be obtained by multiplying CO by the number
of elements. However, the elements of the layer, unlike the elements of an
optical image produced by an ideal optical system (without aberration), are not
independent. Due to the presence of aberration and the scattering of light in a
photographic layer, the illumination of a given element depends on the 1llumina-
tion of the neighboring elements.

There are two approaches for an approximate solution to the problem of com-
puting the capacity of a photographic system. In the first place, we may assume
that the elements of the photographic layer are independent, and that their

value is equal to the area of the circle of dispersionl or is determined by the

lThe area of the circle of dispersion is to some extent conditional, because

frequently the dispersion function is approximated by functions which extend

to infinity-by an exponential function, Gauss function, etc.
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resolution of the photographic system. (This approach to the evaluation of the
number of independent elements is contained in reference 8.)

Another approach is to use the frequency description of the image, i.e., to
replace the brightness distribution (energy) along the coordinates by the dis-
tribution of the intensity of the components of various spatial frequencies.

It is obvious that this approach 1s suitable for optical images. However, the
application of the frequency description of the state of a photographic material
encounters serious difficulties, produced by the nonlinearity of the photographic
process.

Linfoot and others (refs. 9 and 10) have attempted to bypass these difficul-
ties by considering images of low contrast. In this way correct results are ob-
tained for the amount of information memorized by a photographic system, when i1t
operates with sources of low contrast images. However, this amount of informa-
tion is not the same as the capacity--the maximum amount of information during
the best utilization of the system.

Jones (ref. 11) made an effort to expand the Linfoot  approach to an image
of high contrast. However, his results, as acknowledged by the author himself,
are not entirely correct, although apparently the evaluation of the capacity
is of the proper order.

If we know the magnitude of the capacity of the memory system and the mag-
nitude of the entropy of the information source, it is possible to determine the
conditions under which the given system is suitable for memorizing information
from a given source, and to determine the effectiveness of the memory system.

This question is answered by a basic theorem of information theory pro-
posed by Shannon (ref. 12),which proposes the following.

If a source with a given accuracy € has an entropy H,, we can code the

information of the source and transmit it through a system with capacity C,

15



with a reproduction accuracy arbitrarily close to €, if only H, < C. This is
impossible if H, > C.

Let us clarify the meaning of the theorem by using the following, somewhat
artificial example. Let us assume that the source of images has M equally prob-
able distinguishable recipients of information, and let us assume that the sys-

tem has N states. Then
H= log2 M bits and C = 1og2 N bits.

The second part of the theorem, which maintains that H < C is a necessary
condition for transmission, now appears obvious: when H > C (i.e., when M > N),
the number of system states will not be sufficient.

The proposition that condition H < C is sufficient is not obvious. Indeed,
it does not follow from M < N that a method can always be found to juxtapose
each communication to each state. The fact that this is actually possible [§§
is demonstrated by the proof of the theorem.

(The proof of the basic theorem may be found in reference 12 or in any text-
book on information theory.)

If an image contains H bits of information, and if its memorization with a
given coding method requires a photographic system with a capacity of C bits,
we can say that theeffectiveness of utilizing fhe system under these methods of
coding is H/C. If the coding method is perfected, the effectiveness can be in-
creased. The basic theory maintains that there are coding methods for which
the effectiveness can be made to approach unity.

The effectiveness of utilizing the memory system depends on the degree to
which the statistical properties of the information source correspond to those

properties which provide for a maximum amount of memorized information.
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By changing the statistical properties of the multitude of communications
through coding, it is possible to achieve a better matching of these properties
to the requirements of the system, i.e,, it is possible to increase the effec-
tiveness.

Different memory systems may require different statistical properties of
the matched source. Therefore, if the same method of coding information is used
for the same source to match different memory systems, it may turn out that a
system with a high capacity may memorize less information than a system with a
shaller capacity. This discussion again shows how careful we must be in evalu-
ating, for example, the quality of photographic materials with respect to their
capacity.

The higher the effectiveness of utilizing a photographic system, the lower
its required area of photographic material for memorizing images with a given
amount of information. The minimum area is determined by the following simple
consideration.

Let us assume that the area of an independent element (which is of the same
order of magnitude as the dispersion cirele) is equal to o, and its capacity is
CO bits. If the image contains H bits of information, the minimum area (when
the effectiveness is equal to unity, i.e., for the case of ideal coding), is
equal to:

Spin = 9B/Co-

By going from one coding method to another more effective one, it is pos-
sible not only to decrease the area Occupied by the image, but to improve the
quality of the image. (Let us recall that when the quality is higher, the en-

tropy of the image is also higher.)
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The concepts of information theory may be used to investigate the maximum
sensitivity of photographic systems.

The transmission and the memorigzation of information, according to the
Brillouin principle (ref. 15), is associated with an expenditure of energy.
During photographing the necessary energy is provided by the radiation from the
photographed objects. As a measure of the sensitivity of a photographic sys-
tem it is natural to consider the energy necessary for remembering a definite
amount of information, for example, one bit., In the latter case the sensitivity
is given by the ratio E/I(a, n).

The maximum sensitivity is equal to ‘E‘l/cl. Since cl < C,, operation with
maximum sensitivity may be accompanied by a loss in the utilized area of photo-
graphic material.

Let us consider the data presented in the works of Jones (ref. 11). We see
that for every bit of memorized information the photographic system expends an
energy of 8,000-30,000 photons. However, it follows from thermodynamic consider-
ations associated with the Brillouin principle (refs. 13 and 14) that in prin-
ciple it is sufficient to have energy of the order of one photon. The relatively
low sensitivity is the principle shortcoming of the photographic system.

The possiblities of coding by means of photographic methods are extremely
limited. Of course, another approach can be used, for example, electron-optical
coding; however, this will make meaningless the formulation of the problem on
the possibility of using the methods of information theory to perfect photographic
systems,

In connection with the difficulties of optimum coding in photography, some
investigors (refs. 15 and 16) examined the true capacity of a photographic sys-

tem--its capacity to memorize digital information under specific conditions of in-
troducing and reading this information.

18



5. The Quality of the Image

For a communications engineer it is rational to apply information theory,
because this theory makes it possible to evaluate the effectiveness of using a
communications system. If the effectiveness is known, it is possible to have a
basis for selecting the method of coding and decoding with any degree of com-
plexity. In photography, as we have already stated, the coding possibilities
are limited, which decreases the value of knowing the magnitude of effectiveness.

However, the ideas of information theory in the broad sense may be used
effectively to develop optimum photographic systems.

The works of Elias (ref. 17) and Fellgett (ref. 18) appeared immedi- /69
ately after Shannon developed the theory of information. These works underline
the analogy between electrical communications systems and optical and photo-
graphic systems. Because this analogy was recognized, frequency concepts--spec-
trum of images and contrast--frequency characteristics of optical and photographic
layers, were introduced into photography and optics. To describe density fluc-
tuations, which appear as a grain structure, the theory of random processes was
applied (specifically the correlation theory of stationary processes), which
treated these fluctuations like electrical noise. This description of photo-
graphic and optical systems produced a new approach to the understanding of image
quality.

In optics the only form of distortion is the attenuation of higher spatial
frequencies due to diffraction and aberration. The greater this attenuation,
the smaller is the resolution, image definition, etec.

In television and in photography the frequency distortions are supplemented
by distortions of contrast--nonlinear distortions and fluctuating noise--graini-

ness, noise, etec.
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Many efforts were made to associate the quality of optical, television or
photographic images with the characteristics of the corresponding systems (refs.
19—23). None of these efforts, as yet, have achieved unconditional success be-
cause the selection of the accuracy criterion (quality) has been unsuccessful.

The problem of evaluating the quality of an image must be formulated in
the following manner: there is a criterion for the accuracy of the image--the
functional p(B,B'), which assigns some number to two images B and B' for charac-
terizing their closeness or resemblance. Usually the form of p(B,B') is
selected in such a way that when the number is large, the resemblance is small.
Then o(B,B') has the sense of "distance" between images.

The form of p(B,B') is determined by the properties of the recipient and
by the purpose of the image.

The form of the functional p(B,B') may be established from biophysical and
psychological investigations. At the present time this problem is not completely
solved.

Investigations in the theory of information frequently use the root-mean-
square criterion of accuracy (ref. 12).

In this case the functional p(B,B') is selected in the following manner

0B, 7) = (1B 1) =B/, Wrazay. (11)

Integration in equation (11) is carried out over the entire area of the
image.

Unfortunately, this criterion does not correspond very well to the proper-
ties of the human visual system. This is evident if we consider the image B!
(x, y), which differs from B(x, y) in almost each element by a magnitude less
than the contrast threshold of vision. In this case the distortions will not be

noticeable, even though the value of (11) may achieve a substantial magnitude Py
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At the same time, distortions in a few elements are such that p(B,B') = po will
be clearly noticed as foreign points.

Let us congider in detail the information criterion of accuracy. The
authors of this criterion (for example, ref. 23) reason in the following way.
It is assumed that the quantity of information, which is memorized or transmit-
ted to some system, when operating with a given source, is Il and that transmit-

ted to another system is equal to I If Il > 12, then the first system pro-

o
vides for a better quality of the image than the second. 1In this discussion it
is assumed that there is a simple relationship between the quantity of informa-
tion about the image and its quality.

lLet us assume that we have a system that transforms an image. If this
transformation is reversible, the distortion of the image due to the transforma-
tion may be compensated in principle. In this case the amount of information
memorized by the system reachs a maximum value--the entropy of the image source.
The same value is achieved with an ideal system without distortion. Thus, two
systems without distortion and with any amount of distortion, obtained as a re-
sult of reversible transformation, provide for the same amount of information.

If irreversible transformations take place in a system, the quantity of
memorized information will be less than the entropy of the initial image. How-
ever, in this case too, we camnot establish an relationship between this gquan-
tity and the quality of the image. Due to irreversible transformations, the
individual images are combined into groups which cannot be distinguished. The
larger these groups, the more pronounced is the decrease in the amount of in-
formation.

However, the quality of the images is effected not only by the magnitude

of the indistinguishable groups, but more so by their "form." 1If, for example,
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some system combines information into groups Jjust like the recipient, the dis-
tortions will not be noticed at all. However, images which appear substantially
different for the recipient may be combined in groups--this will produce a sub-
stantial deterioration in quality.

In information theory it is a practice to introduce the criterion of re-
production accuracy obtained from biophysical (or psychological, etc.) investi-
gations and then to compute the amount of information in the image. Of course,
in this case, the amount of information increases with higher requirements for
quality. The introduction of the "information" criterion of accuracy is an ZZQ
effort to place the problem "from its feet on its head."

Let us assume that it has been possible to introduce a suitable criterion
of accuracy p(B,B'). In this case the problem of evaluating the quality of the
image is solved automatically. Let us assume that the initial image is B(x, y).
If we know the characteristics of the system, we can find the transformed image
B'(x, y). We compute p(B,B')--this is a measure of distortion from the point
of view of the recipient. The quality of the image provided by the system must
be judged not on the basis of one image, but on the basis of a multitude of
images. Then the quality is conveniently described by the average distance

b=V Pio(Bs B,
where Pi is the probability of some image Bi’

The determination of the accuracy criterion adequate for evaluating the
resemblance of the images by the recipient will meke it possible to solve g
series of important practical problems of the following type.

The criterion of accuracy is given. It is required to select a photo-
graphic material which will provide for the required accuracy with a minimum

average energy of the projected image or a maximum accuracy with a given energy.
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This problem may include the problem of selecting the optimum size of the image
on a photographic layer. (This problem for a specific criterion was considered
by Fisher, ref. 2L.)

We note that this problem is not, strictly speaking, a problem of informa-
tion theory, because its solution does not require the calculation of the amount

of information.

6. Conclusions

1. In describing the properties of photographic systems, it is convenient
to use an analogy between these systems and other systems for transmitting and
storing information (in particular electric communications systems). This anal-
ogy Tollows from the general concepts of information theory.

2. The development of optimum photographic systems is retarded by the
absence of an accuracy criterion for the reproduction of images, i.e., the re-
semblance criterion of the image from the point of view of the recipient. Such
a criterion must be determined by using biophysical methods of psychological in-
vestigations, and not by the methods of information theory.

3. The concepts of the information theory--quantity of information, en-
tropy, capacity--have arother 1imited application to photographic systems.

This is explained by the fact that these concepts are used to measure the effec-
tiveness of coding and decoding, while the achievement of these operations by

purely photographic methods is almost excluded.
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